Background/Aims: Canopy homolog 2 (CNPY2) is a signature gene highly associated with tumor progression, including hepatocellular carcinoma (HCC). The presence of tumor hemorrhage (TH) implies a fast-growing and worse tumor microenvironment. We examined a possible association between CNPY2 levels and TH and evaluated their prognostic values in patients with HCC. Methods: CNPY2 mRNA and protein levels were respectively determined in two independent cohorts of HCC specimens using quantitative real-time polymerase chain reaction (qRT-PCR) and immunohistochemistry of tissue microarrays. Kaplan-Meier survival and Cox regression analyses were executed to evaluate the prognosis of HCC. CNPY2 knockout HCC cell lines were established by the CRISPR/Cas9 gene editing system, and the functional role of CNPY2 in HCC cell proliferation and growth was examined in vitro and in vivo. Results: qRT-PCR showed that CNPY2 expression was significantly higher in HCC tumor tissue than in adjacent non-tumor tissue. Immunohistochemistry of HCC tissue microarrays demonstrated that CNPY2 expression was significantly correlated with TH and clinicopathological features indicating worse HCC progression. The prognostic value of CNPY2 expression and TH was validated by Cox proportional hazards analyses. Furthermore, CNPY2 knockout resulted in the significant suppression of MHCC97H cell proliferation, tumor growth, and hemorrhage. Bioinformatics analysis revealed that CNPY2 was closely associated with the expression levels of 6 positive impact genes in HCC, namely, ROMO1, BOLA2, HSF1, ATG4B, ATF4, and DENR, which are implicated in the regulation of the tumor microenvironment. Conclusion: CNPY2 is an oncogene that plays a critical role in the progression of HCC with TH. CNPY2 could be exploited as a novel prognostic marker and potential target for therapeutic intervention in HCC.
Canopy Homolog 2 Expression Predicts Poor Prognosis in Hepatocellular Carcinoma with Tumor Hemorrhage
Dong
Introduction
Hepatocellular carcinoma (HCC) constitutes a major public health problem, with 782, 000 newly diagnosed cases and 746, 000 deaths in 2012, and HCC is ranked as the third leading cause of cancer-related deaths worldwide [1] . HCC is a highly aggressive malignancy with tumor heterogeneity. The tumor microenvironment plays a pivotal role in regulating the progression of HCC [2] . Increasing evidence has revealed the high heterogeneity of the tumor microenvironment among different individuals with HCC. Change of the tumor microenvironment can result in totally different aggressive types of HCC [3, 4] .
As an underlying key factor of the tumor microenvironment, tumor hemorrhage (TH) is recognized to be involved in tumor growth and metastasis. It is known that during TH, red blood cells and platelets aggregate around tumor cells, facilitating the formation of cancer cell nests and providing protection against immune responses and shear stress [5] [6] [7] . TH has been demonstrated to be a poor prognostic factor for patients with HCC [8] . Therefore, exploration of the molecular contexts associated with these pathogenic changes in HCC could greatly benefit the efficacy of clinical treatments of HCC.
Canopy homolog 2 (CNPY2) is a secreted protein belonging to the canopy homolog protein family that also contains CNPY1, CNPY3, and CNPY4. Previous studies revealed that CNPY2 functions as a key pro-angiogenic protein [9] . CNPY2 was also reported to be able to promote potent tumor growth and metastasis [10, 11] . In a gene expression profile survey, a significant increase of CNPY2 expression was linked to metastasis in primary HCC samples [12] . Although its expression was reported to be elevated during tumorigenesis, CNPY2 has not been studied extensively in HCC.
In the present study, for the first time, we investigate both CNPY2 expression and TH in patients with HCC and explore their potential correlation with clinicopathologic parameters as well as clinical outcomes. Furthermore, we knocked out CNPY2 in HCC cell lines using the CRISPR/Cas9 system, which inhibited HCC cell proliferation and attenuated growth and intratumor hemorrhage. Thus, targeting CNPY2 and TH may be a novel approach for the treatment of HCC.
Materials and Methods

Patient populations and follow-up
Two independent cohorts of subjects with HCC were enrolled in this study (training cohort: 124 HCC patients; validation cohort: 216 HCC patients). TH was reviewed by two independent pathologists in our hospital. The following procedures from our previous study were adopted [13] . Patient follow-up was terminated on January 31, 2017. All research protocols complied strictly with the REMARK guidelines for reporting prognostic biomarkers in cancer [14] .
Quantitative real-time polymerase chain reaction in clinical HCC specimens SYBR green fluorescent-based quantitative real-time polymerase chain reaction (qRT-PCR) was performed as described previously [15] , and actin was used as a control for CNPY gene detection. The oligonucleotide sequences for the CNPY and β-actin primers were as follows: CNPY1, 5′-CACGGGCTATGGCATCCTG, 3′-ACTTCGATTAACCGCAAGT; CNPY2, 5′-ACAAGGCATCCGAATCGACTC, 3′-GTCAGCCTCTCGGGAAAAGAA; CNPY3, 5′-CGGAGCTGAGGAGAACGAC, 3′-ATAGCCCGTGCCAATCACC; CNPY4, 5′-GTGCCTTACAGCGTTTCAGAG, 3′-ACCCTTGGCATATCTCAGTGA; and β-actin, 5′-GGACTTCGAGCAAGAGATGG, 3′-AGCACTGTGTTGGCGTACAG.
Tissue microarray and immunohistochemistry analyses
A tissue microarray containing 340 pairs of HCC and adjacent non-tumor (NT) tissues was constructed. Immunohistochemistry was performed as described previously [16] . An anti-CNPY2 polyclonal antibody (Abcam, Cambridge, MA, Cat# ab233136) diluted at 1:1000 was used as the primary antibody. Peroxidaselabeled polymer conjugated to goat anti-rabbit IgG (DAKO EnVision™+ System, DAKO Corporation, Carpinteria, CA, Cat# K5007) was applied for 30 min at room temperature and color was developed using a 3, 3′-diaminobenzidine solution. CNPY2 expression was assessed as cytoplasmic or membranous staining. Staining was assessed using the H-score method [17] .
HCC cell lines
MHCC97H and HCCLM3 cell lines were purchased from the Liver Cancer Institute of Fudan University (Shanghai, China). HepG2, Bel7404, SMCC7721, Huh7, Hep3B, and L02 cells were purchased from the American Type Culture Collection (Rockville, MD). The cells were cultured as described previously [15] .
Establishment of CNPY2 knockout HCC cell lines CNPY2-deficient HCC cells were established using the CRISPR/Cas9 system. The guide RNA was selected with the assistance of the CRISPR design tool according to the standard protocol [18] . Briefly, the sgRNA sequences of CNPY2 were 5′-CAAGAACTACGTACGTGTAG-3′; bottom strand: 5′-TCTTTCCGGATCAATCCAGA-3′. For control cells, no guide RNA was inserted. Each experimental replicate was performed using the HCC cell line MHCC97H.
Western blotting
Western blot analyses were performed as described previously [19] . Antibody dilutions were 1:1000 for the anti-CNPY2 polyclonal antibody (Abcam, Cat# ab233136) and 1:5000 for the anti-β-actin mouse monoclonal antibody (Sigma-Aldrich, St. Louis, MO, Cat# A1978).
Cell proliferation assay A cell proliferation assay was performed using a Cell Counting Kit-8 according to the manufacturer's protocol (MedchemExpress, Monmouth Junction, NJ, Cat# HY-K0301). The cells (800 cells/well) were seeded in 96-well plates and incubated for different periods of time. The cells were treated and stained. Fluorescence was measured at each time point. Each experiment was repeated three times.
Clonogenic formation assay
The cells were seeded in 6-well plates (1000 cells/well). After incubation for 14 days, the colonies that formed were washed with cold phosphate-buffered saline buffer, fixed with 4% paraformaldehyde for 15 min, and stained with 0.2% crystal violet (Thermo Fisher Scientific, Asheville, NC, Cat# R40053). The colonies were quantified from three independent experiments per treatment group.
Tumor xenograft model
All animal work was conducted in accordance with protocols approved by the Animal Care and Use Committee at Central South University, Changsha, China. A subcutaneous HCC mouse model was established according to an existing protocol [15] . MHCC97H cells (2.0 × 10 6 cells/mouse) stably transfected with vectors were injected subcutaneously into the right axilla (200 μL). All nude mice were killed at 35 days after tumor implantation.
Bioinformatics analysis
Data mining was performed using a previously established microarray database (GEO Submission: GSE40367) [12] . Gene expression profiling interactive analysis (GEPIA) was used to compare the expression profiles of CNPY genes [20] . The Tumor Immune Estimation Resource (TIMER) web server was used to study the correlation of CNPY2 mRNA expression and a pair of user-defined genes in liver hepatocellular carcinoma (LIHC) [20] .
Statistical analysis
Quantitative values are presented as the mean ± standard deviation (SD) or median (range). Paired t and Student's tests were used for paired and unpaired continuous data, respectively. Comparisons between different groups were made using Student's t test or analysis of variance as appropriate in the in vitro study. Kaplan-Meier curves were analyzed by the log-rank test. A Cox proportional hazards regression model was used to determine if CNPY2 expression was an independent prognostic indicator. P < 0.05 was considered to be statistically significant. All statistical analyses were performed using GraphPad Prism software (GraphPad Software, San Diego, CA). 
Results
CNPY2 is frequently up-regulated in HCC
To assess the potential effect of canopy family members on HCC, we first determined the relative transcription levels of known CNPY genes, CNPY1-4, in 25 pairs of human HCC specimens by qRT-PCR. The data showed that both CNPY2 and CNPY4 mRNA expression was elevated in HCC tissues compared with their corresponding NT tissues, whereas the expression of the other canopy family members was not altered significantly (Fig. 1A) . Intriguingly, survival analysis from the GEPIA web server demonstrated that only the mRNA level of CNPY2 was indicative of a poorer survival rate, both for overall survival (OS; P = 0.013, Fig. 1B ) and disease-free survival (DFS; P = 0.00055 , Fig. 1C) ; therefore, we focused on CNPY2 for further analyses. Cell
Association between CNPY2 and TH Conventional qRT-PCR was performed in an expanded training cohort of 124 pairs of HCC and NT samples; CNPY2 mRNA was up-regulated in tumors compared with NT (6.184 ± 0.215 versus 2.371 ± 0.135, respectively, P < 0.001, Fig. 2A ). The overexpression of CNPY2 mRNA (defined as a >2.0-fold increase) was detected in 68/124 (54.8%) of HCC samples. There was a significant association between the overexpression of CNPY2 mRNA and the presence of satellite nodules, venous invasion, TH, tumor size, and tumor, node, metastasis (TNM) stage (Table 1) . To confirm this result, 124 HCC tumors were classified into subgroups by the presence or absence of TH (Fig. 2B) ; we examined CNPY2 protein expression in each cohort by immunohistochemistry (Fig. 2C) . As expected, a consistent result was obtained; that is, tumors with TH showed higher CNPY2 expression compared with tumors without TH (Fig. 2D) . Association between CNPY2 and poor survival Cox multivariate analysis indicated that CNPY2 protein expression was an independent positive prognostic factor in the training cohort (hazard ratio = 1.932, 95% confidence interval 1.329-4.524; Table 2 ). The CNPY2 high expression group exhibited worse OS and shorter recurrence-free survival (RFS) than those in the CNPY2 low expression group (Fig. 3A) . The 1-, 3-, and 5-year OS rates in the high expression group were significantly lower than those in the low expression group (65.9% versus 82.1%, 31.8% versus 61.6%, and 17.3% versus 44.9%, respectively). The 1-, 3-, and 5-year RFS rates were markedly lower in the high expression group compared with the low expression group (44.1% versus 62.5%, 19.4% versus 35.3%, and 19.4% versus 25.4%, respectively). Moreover, these findings were confirmed in another validation cohort containing 216 HCC patients (Fig. 3B ). Taken together, the level of CNPY2 expression may be a clinical predictor of HCC prognosis.
CNPY2 knockout suppresses HCC cell proliferation
Consistent with the results from the tissues, western blot analysis showed that the protein expression levels of CNPY2 were significantly increased in seven established HCC cell lines in comparison with the nontransformed hepatic cell line L02 (Fig. 4A) . To investigate the function of CNPY2 in HCC, we established CNPY2 knockout (KO) in MHCC97H cell lines using CRISPR/Cas9 technology. Cell proliferation assays demonstrated that CNPY2 KO potently slowed cell proliferation compared with wild-type (WT) cells, and evaluated the effects of CNPY2 in these cells (Fig. 4B ). The suppressive rates in the CNPY2-deficient colonies derived from MHCC97H cells were 37.5% (KO-3) and 33.3% (KO-5) compared with WT cells at day 7. Cell colony assays further identified similar suppressive effects of CNPY2 KO (Fig. 4C) . CNPY2 KO significantly suppressed the colony forming ability of MHCC97H cells, with the inhibitory and in the validation cohort (n = 216). The median value of H-scores was used as the cut-off for low and high CNPY2 expression. The P-values were calculated using the log-rank test. 
Cellular Physiology and Biochemistry
Cellular Physiology and Biochemistry rates being 45.3% and 33.6% in MHCC97H KO-3 and KO-5 cells, respectively. These results suggest an oncogenic role for CNPY2 in HCC tumor progression.
CNPY2 KO suppresses tumor growth and TH As described above, CNPY2 KO could suppress MHCC97H cell proliferation in vitro. Here, we attempted to determine whether CNPY2 KO had the same suppressive effects on HCC tumor growth in vivo. Subcutaneous xenograft experiments were applied to investigate the in vivo tumorigenicity of CNPY2 further. Compared with the WT group, we found that CNPY2 KO strongly suppressed tumor growth (Fig. 5A) . At day 35, all tumors were removed (Fig. 5B) and weighed (Fig. 5C) . The average tumor weights in the KO-5, KO-3, and WT groups were 0.426 g, 0.578 g, and 0.958 g, respectively. Statistical analysis showed significant suppression of tumor growth by CNPY2 KO. Importantly, we found that TH was significantly decreased in xenografts derived from MHCC97H-KO-CNPY2 cells (Fig. 5D) . 
Cellular Physiology and Biochemistry in regulating tumor growth and microenvironment. TH implies a fast-growing and worse tumor immunological microenvironment [8] . Further studies of CNPY2 in HCC will be of interest to clarify its precise role in TH and cell growth.
Discussion
As one of the leading causes of cancer-related death, HCC is characterized by its rapid progression and frequent recurrence and metastasis. We previously demonstrated that TH was involved in the fast growth of HCC; therefore, the presence of TH in HCC specimens may be one of the key malignant clinicopathological features of HCC. Understanding the underlying molecular mechanisms in the development of TH is very important.
TH is a common phenomenon in solid tumors, such as liver cancer and colorectal cancer. In most situations, the hemorrhage is caused by ruptured blood vessels or tumor invasion, and red blood cells spill out of the vessels. TH mainly includes red blood cells, white blood cells, and platelets, and the components of the hemorrhage have been demonstrated to promote cancer progression. Platelets can induce angiogenesis in the tumor by promoting epithelial-mesenchymal transition, while red and white blood cells can remodel the tumor stroma and change the inflammatory microenvironment, which can effectively promote tumor growth.
Members of the canopy family of proteins are characterized by an endoplasmic reticulum retention signal at the C terminus and have been implicated in human cancer [26] . However, the prognostic significance of CNPY2 expression in HCC is still unclear. In the present study, we found that the level of CNPY2 overexpression was positively correlated with the presence of satellite nodules, venous invasion, TH, and TNM stage. Moreover, Kaplan-Meier survival analysis showed that HCC patients with CNPY2
high expression had shorter OS than those with CNPY2 low expression. We hypothesized that CNPY2 might act as an oncogene to enhance the development of HCC. In order to confirm this, our loss-of-function assays showed that the loss of CNPY2 reduced HCC cell proliferation in vitro and decreased tumor growth and TH in vivo. These results suggested that CNPY2 may act as a critical tumor promoter in the progression of HCC, which leads to a poor clinical outcome in patients with HCC.
The precise mechanism underlying this CNPY2-mediated TH in tumor growth remains to be determined. In this work, we performed TIMER analysis, and the results indicated that CNPY2 was highly associated with the tumor immunological microenvironment. The tumor microenvironment consists of a number of components including growth factors and inflammatory cytokines, stromal cells, extracellular matrix proteins, and several different cell types. The tumor microenvironment induces endoplasmic reticulum stress in tumor cells, an event that can promote progression. Moreover, CNPY2 was recently identified as an initiator of the unfolded protein response (UPR) in liver inflammation and regenerative proliferation [27] . Apoptosis occurs by distinct pathways that involve cell autophagy or the endoplasmic reticulum [28] . In this role, UPR-associated HCC progression consistently exhibits more inflammation, epithelial-mesenchymal transition, venous invasion, and a poorer prognosis [29] . These findings would contribute to the growing knowledge base on the mechanism of UPR-induced hepatocarcinogenesis.
The occurrence and progression of HCC are linked tightly to progressive hepatic metabolic syndrome associated with chronic inflammation [30] . HSF1, a major transactivator of stress proteins, increases survival by protecting cells against environmental stressors [31] . DENR is a key role in supporting proliferation and tissue growth. We found that CNPY2 overexpression was significantly associated with HSF1 and DENR. Studies performed on human HCC patients with metastasis showed a significant increase of CNPY2 protein levels and activity, arguing for a functional link between GSNOR-dependent S-nitrosylation and HCC existing also in humans [12] . Chronic oxidative stress produced by mitochondria promotes hepatocarcinogenesis and tumor progression [32] . Thus, we could speculate that CNPY2 might promote the development of HCC and maintain cancer cell growth under metabolic Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry
